Electron transport through metal-molecule contacts greatly affects the operation and performance of electronic devices based on organic semiconductors [1] [2] [3] [4] and is at the heart of molecular electronics exploiting single-molecule junctions [5] [6] [7] [8] . Much of our understanding of the charge injection and extraction processes in these systems relies on our knowledge of the potential barrier at the contact. Despite significant experimental and theoretical advances a clear rationale of the contact barrier at the single-molecule level is still missing. Here, we use scanning tunnelling microscopy to probe directly the nanocontact between a single molecule and a metal electrode in unprecedented detail. Our experiments show a significant variation on the submolecular scale. The local barrier modulation across an isolated 4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid molecule bound to a copper(111) electrode exceeds 1 eV. The giant modulation reflects the interaction between specific molecular groups and the metal and illustrates the critical processes determining the interface potential. Guided by our results, we introduce a new scheme to locally manipulate the potential barrier of the molecular nanocontacts with atomic precision.
and is commonly described in the framework of a band alignment model at the interface. In the single-molecule case, however, this model faces its limits. Chemical bonding between an organic molecule and a metal surface can result in significant charge transfer and rearrangement, which depend critically on the local atomic geometry 5, 12 . In this situation of a strongly hybridized electronic system, a good indicator of the physical and chemical processes determining the molecule-metal contact is the work function, which for metal substrates is defined as the energy difference between the vacuum level far above the surface and the Fermi level (see also Fig. 1a ; ref. 13) .
The formation of induced dipoles at the interface owing to the bonding of molecules can substantially modify the work function, which thereby provides valuable information on the degree of charge reorganization at the interface [13] [14] [15] . Photoemission experiments, often used to determine the averaged, coverage-dependent work function of a surface 11, 16, 17 , have generated considerable progress in understanding the formation of the interface built-in potential. However, these experiments cannot provide any information at the molecular length scale. Lateral resolution can be achieved by photoemission of adsorbed Xe, scanning tunnelling or Kelvin probe measurements 13, [18] [19] [20] . These experiments have revealed local modifications of the work function but could not probe a single-molecule contact with submolecular resolution. A quantity closely related to the work function is the local potential-energy barrier experienced by tunnelling electrons during scanning tunnelling microscopy (STM) measurements. This barrier can be used to measure a 'position-dependent work function' 13, 18, 21 . Here we measure for the first time the local spatial variation of the work function of a single-molecule-metal contact. Our STM experiments reveal a variation of more than 1 eV across an isolated functional organic molecule (4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid, hereafter PVBA; see Fig. 1b ) bound to a Cu(111) surface. The chemical structure of this molecule, which shows two different functional (hetero-) aromatic groups, prompts characteristic interactions with the surface. On a submolecular scale these involve both π conjugation and chemical bonding to the supporting metal. Indeed, the STM topographic resolution and the spectroscopic capability provide a unique way to unravel the formation of the potential barrier. The direct comparison with theoretical predictions for the charge distribution at the interface facilitates a description of the effects of molecular bonding, charge transfer and surface-induced molecular dipoles on the potential-barrier profile.
The topographic image of a single isolated PVBA molecule adsorbed on Cu(111) is shown in Fig. 1c . Two white lobes and one major depression area can be recognized. The latter, which is associated with the oxygen-terminated molecular side (see also Supplementary Information), enables the assignment of the molecular orientation. The local potential barrier is obtained by fitting the tunnelling current recorded while varying the tip-sample distance (z). These two are related through
, where m is the electron mass and Φ is the averaged work function Φ = (Φ T +Φ S )/2 of tip and sample. The averaged work function can be extracted from the measurements as the slope of the logarithmic current plot as a function of z, for all lateral (x,y) tip positions. The potential barrier mapped across the nanocontact is reported in Fig. 1d , revealing a characteristic spatial dependence. Knowing the molecular structure and its adsorption orientation, this spatial dependence can be correlated with specific molecular groups. A potential-barrier increase is seen on the molecule, reflecting the shape of its (hetero-) aromatic backbone, whereas a reduction is observed in a rim region surrounding the molecule and is strongest near the oxygen termination. The relative variation of the work function with respect to the clean substrate measured along the molecular axis is reported in Fig. 1e . This has been calculated as Φ = 2(Φ mol − Φ Cu ), where Φ mol and Φ Cu are the barriers measured on the molecule and on the clean substrate, respectively. In this way, the variation of the work function across the molecular plane is independent from the work function of the tip.
To correlate these observations with the molecular structure, we modelled the interaction of a single PVBA molecule with the supporting metal by means of density functional theory calculations (see Methods). We find that in its stable configuration the molecule is adsorbed planar on the surface and is chemically bonded through its terminal oxygen and the nitrogen atoms, to Cu atoms of the first surface layer. Owing to the strong reactivity of the carboxyl group on adsorption on the Cu surfaces [22] [23] [24] , the molecule is deprotonated (see also Supplementary Information). The potential-barrier profile will depend on the state of charge of the adsorbed molecule, which in turn depends on the interaction between the molecule and the substrate. Our calculations indicate that this induces a substantial rearrangement of the electron-density distribution on the molecule and in its proximity on the metal surface. This provides the most robust indicator of local modification of the surface dipole and of a modulation of the local potential barrier (see Supplementary Information). The electron-density rearrangement depicted in Fig. 2 shows the accumulation (red) and depletion (blue) regions on the adsorbed molecule system on two planes, orthogonal and parallel to the surface. The main observed features are (1) a modulation of the charge rearrangement on the molecular body with a partial electron accumulation on the molecule (Fig. 2a) and (2) a depletion from the surface regions immediately close to the molecular ends, more pronounced and laterally extended at the carboxyl end of the molecule (Fig. 2b) .
The experimental observation of a higher potential barrier in the region directly above the (hetero-) aromatic groups surrounded by a lower rim region is naturally interpreted on the basis of this electron-density rearrangement. Namely, if at least part of its electronic charge is retained on deprotonation, the adsorbed molecule will be overall negatively charged, and an increase of the tunnelling barrier with respect to the bare Cu(111) surface will be expected. Our results reveal a net negative electric-dipole distribution aligned with the z axis and located on the aromaticgroup region. Integration over this region gives an estimated total dipole of −0.47 D. This also enables estimation of the excess effective charge of the molecule as about −0.1e (see Supplementary  Information) . The opposite charging effect is observed on the rim region (green in Fig. 1d) , where the electron depletion determines a net positive dipole distribution, lowering the local potential barrier.
We note that the relative increase in the barrier observed in this work above the molecular aromatic structure may seem to be in contrast with the work-function decrease observed on adsorption of benzene on the same surface 16, 19 . This is, however, not surprising given the different charge state and functional-group structure of the deprotonated PVBA molecule characterized here. In the case of the neutral, non-reactive benzene molecule the observed decrease of the work function is mainly determined by the Pauli repulsion ('pillow effect'; refs 16, 19) . In the present case, using the dipole value reported above and modelling the molecule as a flat capacitor as in ref. 25 , the potential energy drop across the interface is estimated as 0.23 eV, in fair agreement with the work-function increase. The second key feature of the molecule-substrate interaction is the formation of an extended electron-depletion rim region surrounding the molecule. This is interpreted as a screening effect originating from the net negative charge distribution associated with the molecule. The depletion is more significant in the vicinity of the electronegative oxygen atoms bonded with the metal substrate. The lower potential barrier observed in front of the carboxyl group reflects the strong chemical interaction between the surface and this group, which is the principal anchoring point on the substrate for the adsorbed molecule. Taking the neutral deprotonated PVBA molecule and the bare surface as reference reactants, electrons from the metal region must be provided to form a σ -bond with the oxygen atoms. An area of charge depletion is clearly visible in the map of the electron-density displacement on the surface around the deprotonated carboxyl group (Fig. 2b) . The electron-density displacement ρ as a function of the z coordinate, calculated for different positions along the molecular main axis (x direction), is reported in Fig. 2c . The largest modulations of the electron-density displacement are observed on the O and Cu atoms participating in the bonds (curves 1 and 2). However, purely negative displacement profiles indicating electron depletion are obtained in a region of the surface extending up to 2.5 Å from the carboxyl group (curves 3 and 4 in Fig. 2c ). This effectively determines a positive vertical dipole density consistent with the lower local potential barrier experimentally measured in the rim region of Fig. 1 . The effect is most pronounced in the area surrounding the Cu-O bond (curve 3 in Fig. 2c ) in agreement with the barrier minimum position in Fig. 1d .
We note that simply assuming the oxygen atoms to be negatively charged would suggest a work-function increase on the oxygen atoms, because the lower electrostatic potential would make the tunnelling barrier on average higher in their proximity. Any such effect is, however, strongly reduced by the net polarization associated with bond formation. In particular, the electron density on the oxygen atoms moves towards the surface to form the Cu-O bond, showing that bond formation is associated with a positive electric dipole, screening the effect above (Fig. 2a) .
Moreover, in standard topographic imaging 'tip-broadening' effects can enhance the apparent lateral extension of prominent surface features such as an adsorbed molecule, as these contribute a higher amount of the measured tunnelling current. If the tunnelling-current decay is instead measured, as we do here, the lower barrier rim region associated with a more slowly decaying current will be broadened instead, so that we expect a relative 'shrinkage', rather than a broadening, of the apparent molecular size in the potential-barrier map. The extent of this effect is revealed by comparing the extension of the constant-current signal (Fig. 1c) and the potential-barrier profile (Fig. 1d) , showing that the latter technique yields a minimum located about 1.0 Å further inside the molecule than given by standard topographic imaging.
LETTERS
The capability to manipulate the built-in potential at the metal-molecule interface is of paramount importance for applications of organic molecules in any device entailing charge injection. To this end the extreme sensitivity to local charge rearrangements opens up new possibilities. This is documented in Fig. 3 , where we demonstrate a dramatic local decrease of the work function (about 1.4 eV) by bonding a single copper atom to the pyridine end of two PVBA molecules. This structure is predicted as energetically favourable and is reminiscent of the coordination compounds observed for similar molecules 26 . Indeed, metal-organic coordination bonding has proven to be a very elegant and efficient strategy for the supramolecular nanostructuring of surfaces [26] [27] [28] . Additionally, this mimics the conventional procedure used in metal-organic devices. As the metal electrode is evaporated on top of the organic layer, metal ions interdiffuse and form covalent bonds with the molecular layer 3 . The drop of Φ at the oxygen-terminated side of the molecular complex resembles that observed for the single PVBA monomer adsorbed on Cu(111). However, a very significant decrease of the work function is now visible at the centre of the metal-organic complex, where the Cu adatom is located. The electron-density displacement map, shown in Fig. 3d , supports the experimental evidence. Furthermore, charge accumulation (red) and depletion areas (blue), not visible at the height position of this projection, indicate the presence of a positive induced dipole associated with electron-density transfer from the molecule through the bridging Cu atom. On the formation of a metal-organic bond at the N termination of PVBA, a charge reorganization occurs at the molecular backbone. This lowers substantially the effective electronic potential energy at the pyridine group with respect to the clean copper surface.
We believe that our findings relating the chemical bonding of PVBA to Cu(111) and the potential-barrier profile measured by STM may apply more generally to the formation of a potential barrier at the contact between an organic molecule and a metal electrode. In addition to illustrating these relations for a specific model system, our study reveals that the potential barrier can be monitored and manipulated in a controlled and defined way with atomic precision.
Methods
The experiments were carried out using a home-built scanning tunnelling microscope operated at 6 K in ultrahigh vacuum with a base pressure of 1 × 10 −11 mbar. The Cu(111) single crystal has been cleaned in ultrahigh vacuum by cycles of Ar + ion sputtering and annealing. The PVBA molecules were deposited from a Knudsen cell at 450 K on a copper substrate held at 300 K.
The structural optimizations and the local-dipole calculations have been carried out with density functional theory methods within the plane-wave framework, by means of the Quantum-ESPRESSO package 29 . A computational (6 × 6) triclinic supercell with 16.71 × 16.71 Å 2 surface area was used, allowing 12 Å of vacuum between periodic images along the z axis (orthogonal to the surface) to avoid spurious interactions. The Cu(111) surface was modelled by means of a slab consisting of three metal layers with the coordinates of the deepest kept fixed to mimic the bulk arrangement. The adsorption was carried out on only one side of the slab, avoiding spurious dipole effects by means of the technique described in ref. 30 . Vanderbilt ultrasoft pseudopotentials with a plane-wave kinetic-energy cutoff of 25 Ryd were used. Due to the large lateral cell dimensions, Brillouin zone sampling was limited to the point. The convergence threshold for the residual forces during atomic-structure relaxation was set at 0.007 eV Å −1 ; electronic exchange and correlation were treated within the local density approximation (LDA) approximation (Supplementary Information).
